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Abstract—The power-hungry transceiver chains in 5G
mobile communication systems result in huge power con-
sumption due to the complex signal processing algorithms
and transmission in millimeter wave bands. In this article,
we report energy efficiency (EE), energy harvesting (EH),
and secure performance via the new paradigm of power-
collecting metasurface-coated devices enabling ultra-low-
power (ULP) transmissions. Contrary to smart surfaces
(a.k.a. reconfigurable intelligent surfaces, RIS), where
the reflected signal can be combined at the receiver by
being treated as transmitted from a relay, the proposed
metasurface claddings can be deployed both at the trans-
mitter and receiver sides. The passive metasurface-coated
devices can achieve ultra-high-EE and EH besides signal
detection, combined with an enhanced secrecy rate at the
legitimate user and/or improved spying capabilities of the
eavesdroppers under ULP transmission. In particular, we
provide a holistic model for the utilization of the meta-
surface shells and preliminary simulation results reveal
the superiority of the proposed concept compared to the
RIS ones. Furthermore, we discuss the main advantages
of the new concept, potential opportunities, and challenges
in beyond 5G mobile communication networks.
I. INTRODUCTION
The fifth generation (5G) of mobile communica-
tion networks has already been rolled out in many
countries and currently provide promising services
to billions of smart devices aiming at improving
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the civilians’ lives. Nevertheless, the unprecedent-
edly increasing usage of smart devices like mobile
phones, internet of thing (IoT) machines and drones,
together with new emerging vehicular, tele-surgery
and multimedia applications will inevitably lead to
an explosive growth of mobile data traffic. Appar-
ently, the aforementioned growing demand of data-
hungry 5G service has already overloaded existing
cellular networks and appears to be a bad sign
for the development of new 5G base station (BS)
deployments [1].
Prior to the release of 5G, the technology was
focused on improving the performance of communi-
cation systems in terms of error rate, outage and data
throughput. These necessities have been met by new
technologies like massive multiple-input multiple-
output, non-orthogonal multiple access, ultra-dense
heterogeneous networks, etc. Moreover, consider-
ing the shortage of spectrum due to geometri-
cally increased demand of users to be served with
high quality of service (QoS), cognitive radio and
millimeter wave attracted much research interest
and consist basic parts of the new radio interface.
Nonetheless, the inevitable increase in circuit RF
complexity and signal processing algorithms em-
ployed at the transmitter/receiver has led to a huge
need for power consumption at both BS and user
sides. Consequently, the energy sustainability of 5G
network becomes questionable despite the efficiency
of new power allocation algorithms and efficient
resource management techniques [2]. Therefore, it
can be easily deduced that for communications net-
works, energy efficiency (EE) measured in bits/joule,
is a critical feature, not fully attained in the cur-
rent 5G deployments. The latter causes waste of
resources (energy) and spread of electromagnetic
(EM) pulses that raises public reaction; in particular,
the radiated power from 5G cellular infrastructure
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Fig. 1: (a) Typical communication scenario via RIS. (b) New paradigm: Metasurface coatings used for
energy efficiency, energy harvesting and physical layer security for low-power transmissions
poses potential hazards for human health, and the
impacts on the environment have been thoroughly
investigated [3].
It is, therefore, clear that even though the 5G
launched with the best omens, its power consump-
tion and demand for high throughput still follow
an upward trend. New techniques on making the
5G infrastructure more energy-efficient have led
to somehow lower power consumption, which re-
main at limited levels though. To this end, en-
ergy harvesting (EH) technology that is able to
absorb energy from various sources, even from
the interfering signals, is needed to restore power
levels at system nodes. Consequently, integrating EE
and EH technologies in beyond 5G (B5G) mobile
communication systems becomes one of the most
prominent directions to achieve sustainability in
communication networks.
On the other hand, security in wireless commu-
nications remains a critical aspect since the founda-
tion of cellular networks. Considering that wireless
media is vulnerable to various security attacks,
guaranteed security levels remain high in the list
of B5G. Oppositely to encryption-based security
methods, physical layer security (PLS) has appeared
in the last decade to be a reliable alternative. PLS
techniques take advantage on the physical charac-
teristics of wireless channel in order to increase the
date rate of the BS-legitimate user channel over the
BS-eavesdropper channel. However, to guarantee
security in wireless networks, more energy is con-
sumed by transmitting artificial noise (AN) signals
3and utilizing secure beamforming and precoding
schemes at the BS. The latter is against the “green
philosophy” and EE cannot be reserved at high
levels; nevertheless, the security mechanisms are
needed to comply with the overall 5G advanced
features, such as high EE [4]. To this end, the EE
of 5G does not consider how much information bits
can be confidentially transmitted per joule of energy
and the EE-Security trade-off appears to be hard in
balancing. Therefore, how to increase secrecy rate
while maintaining low power consumption is still
an open problem and has attracted a lot of research
interest [5].
On another front, the advent of metasurfaces
that emulate exotic boundary conditions admitting
the general beam steering and field transformation
became feasible. Indeed, placing multiple similar
objects across a surface, can change the characteris-
tics (phase, amplitude and polarization) of the waves
passing through it, in an arbitrary way [6]. These
applications and functionalities cover a broad range
of operational wavelengths from microwaves to
visible. Introducing suitable discontinuities within
the thin parallelepiped volume of a metasurface
separating two media, admits the re-formulation of
the laws of reflection and refraction by applying
Fermat’s principle [7] and reveals unprecedented
opportunities for light manipulation with planar
photonics.
RF telecommunications working at wavelengths
comparable with centimeter can be substantially
benefitted from the introduction of metasurfaces in
telecom components like receivers and repeaters
or even in integrated communication systems and
networks [8]. Indeed, steering of wireless signals
along various directions of space and with con-
trollable magnitudes may be vital in overcoming
physical obstacles. Diminishing estimation error is
also feasible by comparing multiple versions of
the same waveforms of pre-defined amplitudes and
phases. If one additionally takes into account the
need of low-power communication devices, passive
metasurfaces can be efficiently employed as energy
harvesters scavenging energy from various interfer-
ence and noise sources [9]. It should be stressed that
the fabrication of telecom-oriented metasurfaces is
much easier compared to the construction of se-
tups operated at shrunk wavelengths since printed-
circuit approach can be easily and reliably adopted
[10]. The metasurfaces, the so-called reconfigurable
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Fig. 2: The proposed concept with application to
energy harvesting communication system working
at wavelengths λ. Every node of communication
network is assisted by an impedance metasurface
responsible for partially feeding it with power con-
centrated into its volume.
intelligent surfaces (RISs) in telecom engineering,
have very recently started to attract interest from
the wireless communications engineering standpoint
[11]. In the seminal work [12], the “smart radio
environments” concept has been introduced for the
first time showing the great potential of RIS to
control the wireless media by changing specific
characteristics of the signal. From a wireless com-
munications theoretic viewpoint, the authors in [13]
have studied and compared the traditional simple
communication models with the RIS-based one. In
another work [14], a simple nanoslit metasurface
has been introduced, which radically increases the
directivity of the transmitting beams of a visible
light communication system. As a result, enhance-
ment of the signal-to-interference ratio (SIR) by
several orders of magnitude has been reported.
Meanwhile, two promising paradigms in hardware
design of applying programmable metasurfaces in
RF-chains of wireless transceivers aiming to reduce
the hardware cost has been recently introduced in
[15].
The RIS technology open new pathways in tele-
com engineering being one of the most promising
solutions in controlling the transmission over fad-
ing channels. Nevertheless, the channel estimation
problems, phase shift inaccuracies as well as the
reconfiguration of metasurface elements in real time
arise as the main deficiencies of this technology.
Additionally, the EE, EH and PLS appear not to
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Fig. 3: (a) Characterization of the behavior for a
metasurface of homogenized surface impedance Y
in proportion to the signs of its real and imaginary
parts. (b) Sketch of the transmitter/receiver setup
the source is a radiating aperture with dipole-like
radiation pattern.
be fully manageable by RIS considering that the
maximization of the signal-to-noise ratio (SNR) at
the destination node is conditioned on the reflected
angle. Therefore, a new paradigm for efficient uti-
lization of passive metasurfaces to address the above
problems is needed. In this article, we tackle three
critical issues of ultra-high EE transmission, practi-
cal energy harvesting devices, and PLS for ultra-
low-power (ULP) wireless transmissions in real
environments. Contrarily to the conventional mode
of operation of RIS that reflects wireless signals,
the proposed novel metasurface-coated devices are
respectively deployed at either the transmitter or re-
ceiver of the wireless communication system under
consideration; consequently, the power-collecting
functions of metasurfaces are applied to realize the
ULP transmissions, ultra-high EE, EH, and PLS.
The novelty of the proposed paradigm is threefold:
• Power allocation algorithms in ULP BSs:
Without employing complicated phase control
routines and excessive channel estimation, as in
conventional RIS-based solutions, the proposed
power allocation algorithms can meet the key
performance indicators and QoS requirements
for new scenarios under ULP transmissions.
• Metasurface-coated devices: The use of
passive-metasurface as a shell will not only
absorb the power of RF signals in the ambient
environment, but will also strive to reduce the
level of interference. Therefore, the destination
terminal can detect the power of the source
signal even if it is transmitted at ULP levels.
• Metasurface-enabled PLS: The metasurface-
coated devices proposed in this article are
applied to improve the PLS performance in
the sense of EH and improved power levels
at the receiver side. The latter realizes ultra-
high power collection considering the trade-off
between EH and PLS.
The remainder of this article is organized as
follows. In Section II, we describe the new con-
cept of metasurface claddings and in Section III
we present the EM theory on metasurface-covered
enabled communication with application to EE, EH
and security; the significance of the proposed con-
cept is highlighted through preliminary simulation
graphs. Based on these results, we then discuss
challenges and research directions in Section IV
before formulating concluding remarks in the last
Section V.
II. METASURFACE-COATED DEVICES: THE
CONCEPT
Fig. 1 illustrates a novel paradigm of metasur-
face shells able to increase the EE, EH and PLS
of the B5G communications at ultra-high levels.
The utilization of metasurface-coated devices is
conceptually different from the conventional RIS-
based ones. In principle, green communication is
implemented at the BS by using EH and ULP
transmissions, whereas the devices harvest energy
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Fig. 4: Enhancement of concentrated power into the circle of radius a on the complex plane of surface
impedance Y for (a) TM and (b) TE waves. By η0, we denote the wave impedance into free space.
while being highly secured from unwanted intercep-
tion. This holistic approach can be achieved by the
unique electromagnetic properties of a metasurface,
which further amplifies energy reservations, reduce
significantly the transmit power as well as hugely
increase the secrecy rate. The metasurfaces can be
installed around small-size devices (e.g. IoT ma-
chines, sensors, mobile phones etc.) and potentially
incorporate a pack of rechargable batteries to cover
the energy demands of small-cell BSs.
Remark: At this point, we have to emphasize that
although the current solution significantly improves
the power concentration, the SNR at each user
is not directly improved since the metasurface is
also amplifying the additive white noise. However,
the power-collecting metasurface coating combats
the distance path-loss and large-scale fading, which
should be considered in highly-dense urban areas.
Consequently, the ultra-high power concentration
can efficiently balance the shadowing effect and
significantly improve the outage probability by in-
creasing the service area efficiency.
III. EM THEORY FOR METASURFACE-COATED
ENABLED COMMUNICATION
A. Application to Energy Harvesting
In Fig. 2, we illustratively depict the operation
of closed metasurfaces characterized by a homoge-
nized complex admittance Y used for energy har-
vesting assisting various nodes of an integrated
generic communication system. A wireless emitter
transmits maximally along the ray defined by the
position of the receiver; however, due to the re-
duced directivity, it inevitably loses power towards
other directions. This power leak can be collected,
together with other various interference, by the
proposed impedance metasurface of closed shape
installed next to another node. In this way, a signifi-
cant part of the energy required for the propagation
of information signal is provided by other random
signals developed in the vicinity of the transmitter
being connected with the aforementioned power-
collecting metasurface. Since transmitters, receivers
and repeaters are parts of communication networks,
such a concept can be applied to every node leading
to multiple and simultaneous implementation.
In Fig. 3a, we schematically depict how the
behavior of our homogenized non-local metasurface
can be characterized for every combination of real
and imaginary parts of its surface impedance Y .
According to Amperes law and the microscopic
Ohms law across a surface the real part of the
impedance Re[Y ] determines if the structure pumps
or absorbs energy to the system; thus, it is labeled as
active or passive respectively. On the other hand, the
imaginary part Im[Y ] concerns the phase difference
in harmonic response and gives dielectric or plas-
monic character to the wave interactions. Obviously,
the line Re[Y ] = 0 corresponds to lossless designs.
In Fig. 3b, we show an indicative setup of a
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Fig. 5: Spatial distribution of the squared magnitude of the squared electric field magnitude in dB for:
absent metasurface (a), one optimal metasurface (b) and another optimal metasurface (c). Black loop
indicates the position of the circular metasurface, even though it has been removed (a).
misaligned transmitter-receiver (by angle θ), where
the discussed metasurface is used to wrap the latter
one. The source is a radiative aperture of size 2d
working close to RF wavelength λ and possesses
a dipole-like radiation pattern. The polarization of
the emitted signal can be of both types (transverse
magnetic (TM) and transverse electric (TE)) and the
distance between the transmitter and the collector
is denoted by h. The power concentration area is
defined by the considered spherical metasurface of
radius a and impedance Y into which our actual
receiving system is placed.
In Fig. 4a, we consider a metasurface of circular
shape with radius a = 5 cm illuminated by an RF
dipole source operated at λ = 10 cm, positioned at
distance h = 100 cm; the boundary value problem
is solved with rigorous electromagnetic formulation.
The represented quantity is the ratio (in dB) of
the signal power across the circles area after (P )
over the same quantity before (P ′) the metasurface
installation; all the values onto the complex plane
of surface impedance Y are swept. In Fig. 4a the
considered polarization is of TM type (electric field
E normal to the plane of Fig. 3b) and in Fig. 4b the
waves are of TE nature (magnetic field H normal
to the plane of Fig. 3b). One directly notices that
in both cases the power enhancement can be of 2-3
orders of magnitude and thus the beneficial influ-
ence of the power-collecting metasurface is soundly
indicated. It is also remarkable that there are regions
of the parametric space (Re [Y ] , Im [Y ]) where the
power enhancement both TM (PTM/P ′TM) and TE
(PTE/P
′
TE) polarizations reaches substantial levels.
In Fig. 5, we show the spatial distribution of the
electric field |Ez (x, y)|2 when no metasurface is
deployed (Fig. 5a) and if one uses two (Figs. 5b and
5c) of the optimal metasurfaces indicated by Fig. 4a.
In particular, the Fig. 5b corresponds to a maximum
enhancement of Fig. 4a giving an omni-directional
resonance for the cylindrical cavity. Given the fact
that the scale is in dB, we notice a large boost of the
average signal power into the metasurface surpass-
ing the two orders of magnitude. The enhancement
is even more impressive in the Fig. 5c where the
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Fig. 6: (a) The proposed concept with application
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(b) The proposed concept with application to spy
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sustained resonance is of higher angular momentum
order and several lobes are formulated around the
cylinder.
B. Application to PLS
In Fig. 6(a), we sketch a setup describing the
operation of power-collecting metasurfaces for PLS.
If the transmitter emits very low power, bellow the
sensitivity of scattered eavesdroppers, it is practi-
cally invisible to them. However, the receiver that
employs the proposed metasurface enhances the
signal power admitting it to properly record the
information. In particular, the circular metasurface
deforms locally the propagating waves and attracts
them along all possible directions around it. It
should be stressed that, in this simplistic scenario,
the SIR at the receiver is not enhanced, since
interference gets amplified proportionally to the
information signal. In this way, one can establish
reliable communications by emitting through a pool
of unfriendly receptors. In Fig. 6(b), the same
metasurface is used for the opposite purpose: it is
now wrapping spying aperture which is located far
away from the major source. Therefore, the com-
munication channel can be overheard by someone
outside the vision range of the emitter.
IV. CHALLENGES & RESEARCH DIRECTIONS
The new paradigm of metasurface claddings re-
volves around three core directions of “EE,” “EH”
and “PLS” under ULP transmissions and should be
the targets of any future direction on this topic.
A. Ultra-High EE in ULP Transmission
The critical problem, which is addressed with
the novel power-concentrating metasurfaces is the
unprecedented reduction of the amount of energy
transmitted from BS to all devices. Now, with
the proposed versatile metasurface covers, not only
the energy consumption is significantly reduced at
the BS due to ULP transmissions, but the energy
collected at the receiver side is enormous, and the
wireless links are more secured than ever. The
devices can leverage both the electromagnetic ra-
diation from multiple known and unknown trans-
missions for harvesting purposes and reduce the
risk of eavesdropping at the same time drastically.
In this context, metasurface claddings shape a new
approach for energy management and PLS in B5G
networks.
B. Practical EH Based on Metasurface Coats
The current EH approaches, in wireless commu-
nication systems, refer to how much power are able
to collect. The passive metasurface wrapping will
provide a substantial increase in the power that
can be gathered from various signal transmissions;
accordingly, the power-collecting metasurface will
address a critical problem of the energy that can
be scavenged wirelessly. The proposed impedance
coat is capable of providing (theoretically) up to
25 dB power enhancement and seems to be a very
promising method for recharging not only small
devices, but equipment with much more significant
needs for energy, e.g., BSs for small cells.
C. Security in ULP Profile Transmitters
The critical problem of securing wireless commu-
nications links in ULP transmission can be studied
in future. Up to now, all the solutions are mostly
based on the transmitter by using beamforming,
jamming techniques, and AN transmissions in order
to secure confidential messages from overhearing.
However, the metasurface coating transfers the se-
curity capabilities at the receiver side by using a
8passive metasurface that is capable of increasing
the gathered power significantly even at great dis-
tances from the transmitter with the presence of
eavesdroppers or in a short distances in a ultra-
low source transmit power profile. So, the critical
problem of the trade-off between ULP transmissions
and secrecy capacity is addressed for the first time
and can be the foundation for future research.
D. Power Conversion Models
The current energy/power conversion models ex-
ist for standard wireless power transmission are
no longer applicable; instead, new power conver-
sion efficiency models based on power, frequency
and distance should be designed. After adopting
the metasurface cladding concept, the radio prop-
agation and signal transmission/reception models
under ULP transmissions framework become es-
sentially different from the conventional ones. EH
should be designed through advanced electromag-
netic field modeling and electromagnetic property
testing; therefore, new metasurface-enabled power
conversion models should be proposed and analyti-
cally studied under ULP-profile BSs.
V. CONCLUDING REMARKS
In this article, we have introduced a new con-
cept that completely differentiates from the classical
reflection-based RIS-enabled communications. In-
stead, common passive metasurface-coats have been
proposed, which have great potential to significantly
increase the EE, EH and secure B5G communi-
cation systems. Preliminary results by using EM
theory have shown remarkable insights that can
satisfy the future needs of communications systems
both at the energy and security levels. Evaluation
via simulations on the power that potentially can be
gathered by devices have shown an unprecedented
energy concentration, even when ultra weak signals
are emitted from the BSs.
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